A B S T R A C T Plasma concentration, splanchnic and renal exchange, and urinary excretion of 20 amino acids were studied in obese subjects during prolonged (5-6 wk) starvation. Splanchnic amino acid uptake was also investigated in postabsorptive and briefly (36) (37) (38) (39) (40)(41)(42)(43)(44)(45)(46)(47)(48) hr) fasted subjects.
A B S T R A C T Plasma concentration, splanchnic and renal exchange, and urinary excretion of 20 amino acids were studied in obese subjects during prolonged (5-6 wk) starvation. Splanchnic amino acid uptake was also investigated in postabsorptive and briefly (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) hr) fasted subjects.
A transient increase in plasma valine, leucine, isoleucine, methionine, and a-aminobutyrate was noted during the 1st wk of starvation. A delayed, progressive increase in glycine, threonine, and serine occurred after the 1st 5 days. 13 of the amino acids ultimately decreased in starvation, but the magnitude of this diminution was greatest for alanine which decreased most rapidly during the 1st week of fasting.
In all subjects alanine was extracted by the splanchnic circulation to a greater extent than all other amino acids combined. Brief fasting resulted in an increased arteriohepatic venous difference for alanine due to increased fractional extraction. After 5-6 wk of starvation, a marked falloff in splanchnic alanine uptake was attributable to the decreased arterial concentration. Prolonged fasting resulted in increased glycine utilization by the kidney and in net renal uptake of alanine.
It is concluded that the marked decrease in plasma alanine is due to augmented and preferential splanchnic utilization of this amino acid in early starvation resulting in substrate depletion. Maintenance of the hypoalaninemia ultimately serves to diminish splanchnic uptake of this key glycogenic amino acid and is thus an important component of the regulatory mechanism whereby hepatic gluconeogenesis is diminished and protein catabolism is minimized in prolonged fasting. The altered renal ex-INTRODUCTION Man's survival of prolonged starvation is predicated upon a remarkable ability to conserve the relatively limited body protein stores while utilizing fat as the primary energy-producing fuel. Previous studies from this laboratory have documented this conservation of body protein as evidenced by decreased urinary nitrogen excretion (2), a marked attenuation of hepatic gluconeogenesis determined by direct measurements of splanchnic glucose production (3) , and adaptation of brain to ketone acid utilization thereby sparing amino acid conversion to glucose for terminal oxidation (4) . While these studies suggest a well integrated control of fuel utilization, the mechanism whereby gluconeogenesis is attenuated and protein is conserved remains obscure. Direct inhibition of hepatic amino acid uptake, primary blockade of amino acid release from peripheral protein reserves, or both may be operative. The importance of elucidating the mechanism controlling catabolism in starvation is underscored by the likelihood of its providing insight into the metabolic derangement responsible for the severe protein wasting of uncontrolled diabetes, sepsis, and trauma.
In the present study we Tables, 1959. F EN and LM were studied during four and two periods of starvation, respectively.
METHODS

Subjects
Prolonged starvation group. Nine obese subjects were studied during 13 periods of starvation at the Clinical Center of the Peter Bent Brigham Hospital (Table I) . Each had volunteered to undergo prolonged fasting after failure of various dietary regimens. They were informed of the nature, purpose, and possible risks involved in the starvation and catheterization procedures. Six of these subjects (FN, AB, FF, CR, ML, and MB) are described in a previous report (3) along with the screening tests employed on all the subjects. RM had a history of angina pectoris and angiographic evidence of coronary artery disease. She had one bout of angina before fasting was begun but had none thereafter.
Each period of starvation on all subjects was preceded by at least 3 days of a 2500 Cal diet consisting of 300 g of carbohydrate, 100 g of protein, and 85 g of fat. Daily intake during starvation was restricted to 1500 ml of water, 17 mEq of NaCl (sugar-free tablets), one (Table  II) to provide baseline data on splanchnic amino acid exchange in the postabsorptive state (five subjects) and after brief (36-48 hr) fasting (three subjects). None of the patients had a history or evidence of right heart failure or primary liver disease. Liver finction was considered normal on the basis of serum direct and indirect bilirubin, alkaline phosphatase, glutamic-oxalacetic transaminase, and lactic dehydrogenase. The patients were informed of the research procedure to be performed (hepatic vein catheterization) in addition to the usual diagnostic studies and gave their voluntary consent.
Blood and urine collection and analyses
Heparinized blood for amino acid analysis was obtained from an antecubital vein without stasis from seven of the subjects undergoing prolonged starvation (Table I: the fed state were obtained over a 2-4 month period of continuous hospitalization from FN and LM after an overnight fast and after at least 3 days on the high carbohydrate diet described above. All of the above samples were drawn between 8 and 9 a.m. to preclude the influence of diurnal variation (6) . Simultaneous arterial and hepatic and/or renal venous specimens were obtained from six subjects catheterized after 3842 days of starvation (Table I: FF, FN (fast No. 1), AB, MB, RM, and ML) and from eight subjects during diagnostic cardiac catheterization (Table II) . Immediately after collection, the blood was centrifuged, the plasma deproteinized with sulfosalicylic acid (7) and the filtrates stored at -20'C until analysis. The catheterization samples from AB, ML, and FN were not deproteinized until just before analysis.
Urinary amino acid and creatinine excretions were studied in those subj ects undergoing renal vein catheterization (Table VI ). An aliquot was taken from a 24 hr urine collection completed on the morning of catheterization (7 a.m.) , and acidified by the method of Stein (8) before chromatographic analysis.
Individual free amino acids were determined by the automated ion-exchange chromatographic technique (9) on a Beckman model 120 C amino acid analyzer (Beckman Instrument Co., Palo Alto, Calif.). Since glutamine and asparagine are not separated by this method and are not quantitatively recovered from the column due in part to conversion to glutamate (10), these amino acids are not reported. On the other hand, deproteinization with sulfosalicylic rather than picric acid eliminated the need for passage of the protein-free filtrates through a Dowex 2 anion-exchange resin thus permitting recovery of tryptophan (11) . Aspartic acid was present in all samples in such low concentration that integration of its peak was not possible. In the catheterization samples not immediately deproteinized cystine was not recovered (10) .
For glucose determination, whole blood was added to tubes containing oxalate-fluoride and analyzed in triplicate within several hours by the Technicon AutoAnalyzer ferricyanide procedure (12) (Technicon Corporation, Ardsley, N. Y.). Creatinine was measured in urine by the AutoAnalyzer technique and in plasma by the picric acid method (13) .
Endogenous creatinine clearance (Cer) was calculated from the urinary excretion rate and the mean value of three plasma samples obtained during the course of the urine collection. The amino acid clearances are approximate values since the arterial samples were obtained 2-3 hr after completion of the urine collections.
Catheterization and blood flow
The methods employed for venous and cardiac catheterization have been published elsewhere (4). Cardiac output was determined by the dye dilution technique after intravenous injection of 5 mg of Indocyanine green. Hepatic blood flow was estimated by the Indocyanine green plasma disappearance method in which arterial and hepatic venous plasma t Coefficient of variation = SD/mean X 100 (14) .
dye concentrations are determined at 3-min intervals for 21 min after intravenous administration of 0.5 mg/kg body weight of dye (14) . Renal plasma flow was measured as the clearance of sodium para-aminohippurate (PAH) after induction of a water diuresis (15) . Three timed urine samples were collected at 30 min intervals and blood specimens were drawn at the midpoint of the urine collection periods.
Statistical analyses wvere performed according to Snedecor (16) .
RESULTS
In Table III are presented the plasma amino acid levels in two obese subjects studied repeatedly in the postabsorptive state on a high carbohydrate diet. With the exception of taurine and threonine, the coefficient of variation was less than 25% and for the majority it was below 15%. Of note is the fact that alanine and glycine which demonstrated the most marked alterations in concentration during starvation (see below), were among the least variable on repeated study in the fed state.
The changes observed in plasma amino acid concentration during starvation may be divided into four patterns.
Transient, early increase ( Fig. 1) . The branched chain amino acids (valine, leucine, isoleucine) and a-aminobutyrate and methionine showed an early increment, which with the exception of methionine reached its peak at 5 days. The secondary decline extended to levels significantly below baseline (day 0) in the case of valine, leucine, and isoleucine.
Delayed increase (Fig. 2) . Glycine, threonine, and serine demontrated a delayed though progressive increase during the course of starvation. Serine differed from the others in reaching its peak value at 21 days. Interestingly, glycine and threonine showed an initial decline which in the case of the latter was statistically significant (P < 0.05).
Progressive or delayed decrease (Fig. 3) . The most common pattern was either a progressive or delayed decrease in plasma amino acid levels so that after 5-6 wk of fasting, 13 of the 20 amino acids measured were significantly lower than at the time starvation was initiated. Of special interest is the fact that both the absolute and relative decline in plasma alanine exceeded that of all other amino acids. In addition, the rate of decline in plasma alanine was most rapid during the 1st 5-10 days of starvation (Fig. 3) .
No change. Only lysine and taurine failed to demonstrate any significant changes from the postabsorptive state.
The reproducibility of the plasma amino acid response to starvation was studied in FN and LM who underwent more than one fast. In both subjects the intraindividual variation in plasma concentration after 21 days of starvation was less than 15% of the mean value for each amino acid except threonine, proline, i cystine, and ornithine. The latter group varied by 18-25%. Al (Fig. 4) (Table VI) .
After prolonged fasting, alanine remained the prime amino acid taken up by the liver; however there was a marked falloff in the A-V difference for this amino acid.
With respect to the findings in the postabsorptive state, this diminution was due to the decline in arterial alanine levels since the mean fractional alanine extraction did not differ significantly between these two groups (Fig.  4) . On the other hand, alterations in both the arterial levels and extraction ratios contributed to the decline in alanine uptake when compared to the briefly fasted subjects (Fig. 4) . The net splanchnic exchange of the remainder of the amino acids was not significantly t P = probability that A-RV does not differ from zero (paired t test). § Urinary excretion rates of basic amino acids were not measured.
1 1 Cystine was measured in arterial and venous plasma of MB only (see Methods).
All other values are mean ±SE.
altered by prolonged fasting, with the striking exception of glycine. Although the hepatic A-V difference for this amino acid was second to that of alanine in the postabsorptive and briefly fasted subjects, there was no significant uptake at 40 days of starvation despite an increase in plasma glycine concentration. The creatinine and para-aminohippurate clearances (Ccr and CPAH, respectively) of the subjects studied by renal vein catheterization, and the mean arterial levels, arterio-renal venous differences, urinary excretion rates, and renal clearances for all of the amino acids are presented in Table VI . All patients showed a net renal uptake of glycine, proline, and alanine and a net release of serine. For the remainder of the amino acids studied, the renal exchange was either too small or variable to result in statistically significant arterio-renal venous differences. The urinary excretion of glycine was much greater than that of all other amino acids, reflecting both its increased arterial concentration and its relatively high clearance rate.
DISCUSSION
In a previous study from this laboratory (3), a decrease in total serum amino acids was observed during starvation. However, neither the early increment in branched chain amino acids, the late rise in glycine, nor the magnitude of the fall in alanine could be detected from the changes noted in total alpha amino nitrogen. Whereas alanine decreased by 70%, total alpha amino nitrogen fell only 12% (3). The multidirectional pattern of the response of individual amino acids to starvation is thus masked by any determination in which the entire group is measured as a single entity. Similarly, reports lumping amino acids into essential and nonessential groups and emphasizing the ratio between these groups during starvation (17) fail to consider the divergent response of alanine and glycine, both of which are nonessential. On the other hand, in an independent study in which individual plasma amino acids were measured in subjects fasted 2 wk, Adibi (18) recently reported findings virtually identical with the current data. Furthermore, Adibi's observation that the plasma amino acid pattern in starvation was the same for both obese and nonobese subjects (18) lends further support to the thesis advanced elsewhere (4) that these two groups behave similarly in their metabolic adaptation to starvation.
The transient increment in specific amino acids early in starvation is of interest in that this elevation coincides with the period of maximal fall in serum insulin (3) . That insulin lowers plasma amino acid levels has been known for many years (19) , and more recent studies have demonstrated a direct in vivo inhibition of peripheral amino acid release from resting muscle (20) . In addition, an elevation in branched chain amino acids has been observed in diabetics (21) and in pancreatectomized dogs (22) . Furthermore, the branched chain amino acids as well as alpha aminobutyrate and methionine are among the amino acids most sensitive tc altered systemic insulin levels (23, 24) . Thus the hyperaminoacidemia of early starvation may reflect an insulinmodulated augmentation of release from peripheral protein stores. However, the possibility of altered hepatic exchange must also be considered in view of in vitro evidence of preferential release of branched chain amino acids by perfused rat liver (25) .
Although the majority of plasma amino acids ultimately decrease in starvation, the magnitude of this decline in both absolute and relative terms is greatest for alanine. Some understanding of the mechanism and significance of this diminution is provided by the data obtained by simultaneous arterial and hepatic vein catheterization. It is recognized that this technique determines total splanchnic exchange and does not permit identification of the relative contributions of hepatic and nonhepatic tissues to the observed arterio-hepatic venous differences. However, studies in fasted animals have demonstrated portal vein alanine levels (26) in the same range as in arterial plasma (27) and an equivalence of essential amino acid concentrations in portal and radial venous blood (28, 29) . Thus it is unlikely that the splanchnic uptake of alanine noted in the present study is due to extrahepatic extraction or that significant amounts of alanine are released by the tissues drained by the portal vein in postabsorptive or fasted subjects. Furthermore, the demonstration of a consistent splanchnic output only for citrulline, a urea cycle intermediate not found in protein and synthesized almost exclusively in the liver (30) , suggests that nonhepatic tissues contribute little to the over-all amino acid balance.
In the only previous study in humans on splanchnic amino acid exchange, Carlsten et al. (5) noted that uptake of alanine greatly exceeded that of all other amino acids. Though no data on hepatic blood flow or cardiac output are provided, their observation of a mean A-V difference for alanine of 103 ±27 ,umoles/liter in three normal controls, agrees well with the value of 121 +16 demonstrated in the postabsorptive subjects in the present study. The primacy of alanine in the flow of amino acids from the periphery to the liver is underscored by the observation that alanine output from resting muscle exceeds that of all other amino acids (20, 31) and that hepatic rates of gluconeogenesis from alanine are among the highest reported for any amino acid (32) . In addition, the augmentation in alanine extraction demonstrated after a brief fast (36-48 hr) is consistent with the marked increase in activity of key gluconeogenic enzymes observed in rats after similar periods of starvation (33, 34) .
The available evidence thus points to preferential and initially augmented splanchnic utilizatioon of alanine resulting ultimately in substrate depletion as the mechanism responsible for the diminution in plasma concentration. Significantly, Williamson, Lopes-Vieira, and Walker (35) have demonstrated that hepatic levels of free alanine are decreased to a greater extent than other gluconeogenic amino acids in rats after 48 hr of starvation. In addition, an inverse relation between tissue alanine levels and alterations in gluconeogenic rates produced by diverse influences has recently been observed (36) .
The significance of the reduced plasma alanine levels in prolonged fasting is apparent from the hepatic vein studies performed after 5-6 wk of starvation. Although the fractional extraction of alanine is slightly (though not significantly) greater than the postabsorptive levels, the A-V difference is reduced by half. Clearly the most important factor determining net splanchnic alanine uptake in prolonged fasting is the arterial concentration. The data thus suggest that maintenance of hypoalaninemia, presumably via diminution in alanine release from the periphery, is a crucial step in the regulatory mechanism minimizing protein conversion to carbohydrate in prolonged fasting. In accord with this hypothesis is the observation that when plasma alanine concentration is raised in starvation by intravenous infusion of this amino acid, a prompt hyperglycemic response is noted.1
In contrast to the behavior of all other amino acids, the plasma concentration of glycine, threonine, and to a lesser extent serine, showed a delayed increase in starvation. A similarly anomalous response has been noted for glycine in protein-calorie malnutrition (37) . Inasmuch as threonine is essential and can be converted to glycine, a block in the metabolism of the latter could lead to accumulation of both. In this regard, the possibility of folate deficiency was considered since glycine is unique in its requirement of folic acid for gluconeogenesis (38) .
However, administration of folate supplements to two subjects was without effect in preventing the late increase in plasma glycine and threonine. In addition, though the decrease in splanchnic glycine uptake to insignificant levels after prolonged fasting suggests underutilization, its importance in over-all glycine balance is mitigated by the high rate of renal extraction which is far in excess of that noted in postabsorptive subjects (see below). Thus the accumulation of glycine and threonine in plasma is probably due to increased peripheral release.
The exchange of amino acids across the kidney was investigated in view of the significant rates of renal 1Felig, P., 0. E. Owen, and G. F. Cahill, Jr. Data in preparation. (Table VI) are shown. Net exchange was calculated from A-RV and CPAH (Table  VI) .
gluconeogenesis observed in prolonged fasting (3). Previous studies have emphasized the importance of glutamine in total nitrogen balance and ammonia production by the kidney (39) . Though no data are presented regarding this amino acid, it is interesting to compare the net renal exchange of those amino acids for which significant A-V differences were demonstrated in starvation with the values reported in postabsorptive subjects (40).
As shown in Fig. 5 , the uptake of proline and release of serine are virtually equal to those seen in the nonfasted state. However, the extraction of glycine is increased 4-to 6-fold, while there is a directional change in alanine, from release to a net uptake in starvation. When the urinary excretion rates of these amino acids (Table VI) are included in the calculations to determine total balance across the kidney, the extraction rates are not significantly affected. Although the level of urinary ammonia excretion in starvation (3) is comparable to that of subjects administered ammonium chloride (40), it is clear from Fig. 5 that increased ammonia excretion per se is not responsible for the altered amino acid exchanges observed in prolonged fasting. The increase in renal glycine uptake in association with an elevated arterial concentration is consistent with the data of Pitts and Pilkington (41) on glycine incorporation into urinary ammonia. However, inasmuch as uptake rose to a much greater extent than arterial concentration, a primary stimulation of glycine uptake is likely. Even more striking is the demonstration of a net renal extraction of alanine in the face of markedly reduced arterial levels. Since previous studies have revealed that the kidney both synthesizes and metabolizes alanine with net exchange depending on substrate availability (42), it is likely that the net extraction of alanine in starvation is consequent to a siphoning off of this amino acid and of its precursor, pyruvate, for gluconeogenesis (3) .
